Abstract-This letter reports the sensitivity of X-band interferometric synthetic aperture radar (InSAR) data from the first dual-spacecraft radar interferometer, TanDEM-X, to variations in tropical-forest aboveground biomass (AGB). It also reports the first tropical-forest AGB estimates from TanDEM-X data. Tropical forests account for about 50% of the world's forested biomass and play critical roles in the control of atmospheric carbon dioxide by emission through deforestation and uptake through forest growth. The TanDEM 
I. INTRODUCTION
T ROPICAL forests account for about 50% of the world's remaining forested biomass [1] . However, there are large uncertainties associated with the estimates of tropical-forest biomass stocks and the change in those stocks [2] , [3] . Tropical deforestation contributes about 15% of anthropogenic carbon emissions to the atmosphere [3] . However, both primary and secondary tropical forests are also growing, and a recent synthesis has suggested that 70% of the terrestrial carbon sink resides in tropical forests [4] . Global monitoring of forest aboveground biomass (AGB) with subhectare (1 ha = 10 4 m 2 ) resolution will facilitate the understanding of carbon storage and its flux between forests and the atmosphere [5] , [6] . One of the most promising approaches to global remote sensing of AGB is to measure attributes of the forest structure, such as average height, and estimate AGB from those attributes.
The structural attribute measured with interferometric synthetic aperture radar (InSAR) is the Fourier transform of the vertical radar power profile coming from the forest [7] , which has been linked to the ground-measured leaf area density profile (see [8, Fig. 7] ). This letter presents the sensitivity of the InSAR Fourier transform to tropical-forest AGB, as well as the first AGB estimates from structural Fourier transforms, from the first dual-spacecraft interferometer, TanDEM-X [9] . It also compares the InSAR Fourier transforms with those of small-footprint lidar, suggesting that InSAR at the X-bandwavelength (λ = 0.031 m)-is more attenuated by the forest than lidar. X-band noninterferometric power is generally observed to be insensitive to forest AGB > 50 Mg-ha −1 , e.g., [10] , and radar power at the C-band and the X-band is usually deemed useless for biomass estimation. In contrast, the X-band interferometric complex correlation reported here appears to have sensitivity to much higher AGBs up to ≈ 300 Mg-ha −1 , which is typical of tropical forests. It exhibits reasonable singlebaseline estimation performance. This study suggests that X-band spaceborne InSAR should be further evaluated for its potential to contribute to an AGB estimation system, either as a standalone or with other sensors.
II. FIELD SITE IN THE BRAZILIAN AMAZON
The Tapajós National Forest is located along highway BR-163, which is ≈ 50 km south of Santarem, Pará, in the central Brazilian Amazon. The climate is tropical humid (Köppen Am), with a mean annual temperature of 25
• C and mean annual rainfall of 1900 mm with a five-month dry season (< 100 mm month −1 ) between July and November [11] . The vegetation is dense upland tropical moist forest. Field 1545-598X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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measurements were taken in September 2010 on 30 plots (50 m × 50 m = 0.25 ha), with AGB ranging from 2 to 430 Mg-ha −1 , and averaging 179 Mg-ha −1 . The stands were primary and secondary forests and included some selective logging sites. The field plots were thus representative of the variety of the area observed by TanDEM-X and lidar. Field measurements for each tree included total height, height-tobase-of-crown, tree diameter, species (to estimate wood density), crown dimensions, and location. The diameter, height, and wood density were used with allometric equations [12] to estimate AGB. The heights and crown dimensions were used to estimate field leaf area density profiles [8] . Plots were geolocated with submeter accuracy using differential Global Positioning System and a total station.
III. TANDEM-X INSAR DATA AND LIDAR DATA
The TanDEM-X interferometer consists of two spacecraft separated by a baseline, B, e.g., [13] . The output of the interferometer is obtained by cross-correlating (cross multiplying) the complex signals-amplitude and phase-from each spacecraft. The normalized complex correlation of the TanDEM-X data, i.e., γ I (α z ), is the normalized Fourier transform of the radar power profile, i.e., g(z), in the vertical direction for vertical interferometric frequency α z , which is a function of B. Thus
where B ⊥ is the component of the baseline perpendicular to the radar line of sight, λ is the radar wavelength, r is the range from the radar to the ground location, and θ is the incidence angle. Due to α z 's dependence on B, InSAR gives one Fourier transform, i.e., γ I (α z ), of the vertical power distribution per baseline. In this letter, the radar power g(z) is from horizontal transmit and receive polarization only. In general, the power profile g(z) is not directly measureable. From the measured γ I (α z ), one knows only g(z)'s Fourier transform at α z . Two often-cited properties of γ I (α z ) are that, with increasing vertical extent of g(z), its amplitude (coherence) decreases, and its phase increases, e.g., [13] and [14] . Fig. 1 shows an image of TanDEM-X coherence for a part of the Tapajós test site with dimensions of approximately 47 × 18 km acquired in September 2011. The coherence of each point is calculated using a movingwindow average of the complex interferometric cross correlation over 50 m × 50 m [14] . With a 1.4-m fundamental resolution in the range (horizontal) direction and 2.5-m resolution in the along-track (vertical) direction, each point corresponds to about 700 fundamental pixels. The complex-correlation Fourier frequency of ≈0.086 rad/m was realized with a baseline of 180 m, a spacecraft altitude of about 514 km, and an incidence angle of 40 • , which varied over the image by about 1
• . The darker green area, signifying lower coherence, in the center of the image is mostly mature forests, whereas, for example, the lighter areas to the east of the BR-163 highway (linear feature on the right side of the image) are recently cleared areas, pastures, agriculture, or young regrowth. Note that InSAR swaths can be a few kilometers up to 100s of kilometers, and The other principal structural measurement, lidar, e.g., [15] , with only ≈100-m swaths realized from space [16] and up to few-kilometer swaths from airborne platforms has consequently restricted spatial coverage. Coverage of lidar at ≈ 1μ wavelengths is particularly restricted in the tropics due to clouds [17] . However, lidar measures essentially all Fourier frequencies of the infrared power profile, which it directly detects by measuring the roundtrip laser propagation times from the sensor to the forest and back. Previous work suggests that this infrared power profile, which is called the lidar "waveform," is closely related to the leaf area density profile, e.g., [8] and [18] . The lidar data used in this study were acquired by GEOID Ltda. in August 2012 using an Optech 3100 EA instrument flown at approximately 600 m with a 10
• field of view, a small footprint (≈15 cm), and a 30% overlap between adjacent swaths. For each lidar shot, the first and the last return were recorded, with approximately 25-39 returns per m 2 . For comparison to TanDEM-X, waveforms were synthesized from all returns from 19 of the 30 field-measured 50 m × 50 m plots that fell within the 2000 ha of lidar coverage. Fourier transforms of the lidar waveforms were taken at the same 0.086-rad/m frequency as that which generated the InSAR coherence in Fig. 1, as in (2) . • , their effect was calibrated out by fitting and removing a plane from the InSAR measurements over 100 m × 100 m areas surrounding each study plot. This correction for slope had typically a few percent effect on coherence, up to a 10% effect on phases and about a 6% effect on biomasses estimated below. The Fourier frequency in Fig. 2 was 0.086 rad/m, with corresponding vertical Fourier wavelength (2π/α z ) of about 73 m. The black curve is a second-order polynomial fit to the coherence as a function of the field-estimated AGB on the x-axis. The small-footprint lidar coherence is in green, with the green line a secondorder polynomial fit of coherence to the AGB. For any Fourier frequency, i.e., α z , the lidar normalized complex correlation, i.e., γ L (α z ), is calculated by first synthesizing waveforms w(z) by binning the individual returns according to height above the ground surface, i.e., z, and then substituting w(z) for g(z) in (1). Thus
Note that unlike g(z), which is unknown except for its Fourier transforms, one per baseline, w(z) is what lidar measures and can be directly synthesized from small-footprint measurements; all Fourier components of a waveform are accessible by using the measured w(z) in the calculation on the right side of (2) for all α z 's. Radar principally interacts with the water in the vegetation of a forest. Because the extinction coefficient of water is six times higher at the X-band than at the L-band (λ = 0.2 m) [19] , and at the L-band, it is estimated to be about 0.18 dB/m in boreal forests [20] , an extinction coefficient of order 1 dB/m could have been expected at the X-band. With an extinction that high, coupled with reports showing that the C-band (λ = 0.06 m) and higher frequencies have little sensitivity to AGB above about 50 Mg-ha −1 , one might have expected that the X-band returns would originate from only the very top of the vegetation. The X-band coherence would then result from a vertically thin layer compared with the vertical interferometric wavelength of 73 m and, hence, be very close to "1" for all AGB. Contrary to this expectation, Fig. 2 shows the InSAR coherence following a significant downward trend with field AGB, suggesting that higher AGB stands present more vertically extended scattering targets at the X-band, i.e., that the X-band radar is not interacting with just a thin layer at the top of the canopy. The decrease in coherence, of about 25%, as a function of AGB is qualitatively consistent with other observations of X-band penetration [20] , [21] , as shown by extinction coefficients below.
The coherence from airborne small-footprint lidar in Fig. 2 shows a more extreme downward trend with AGB, suggesting that lidar penetrates more and, therefore, has a more vertically extended power profile. The magnitude of the increased attenuation by radar relative to lidar can be characterized by modeling the radar power profile, i.e., g mod (z), as an attenuated version of w(z) and asking how much the lidar would have to be attenuated to give the higher coherence actually observed in the TanDEM-X data in Fig. 2 . The model g mod (z), based on [13, Appendix C], is
where w norm (z) is the lidar waveform normalized by the peak power in the w(z) profile, and θ is the radar incidence angle. For a given radar-to-lidar relative extinction coefficient at the peak of the lidar profile, i.e., σ relative , g mod (z) can be inserted into (1) with α z = 0.086 rad/m. The value of σ relative , which produces a coherence from (1) near the measured TanDEM-X coherence in Fig. 2 , quantitatively describes the radar attenuation relative to that of lidar. Applying this process to the four highest AGB points in [20] are close to the assessment using (3), if one assumes that the lidar effective extinction is close to zero, as was found in [8] . However, both references used uniform volumes (no height dependence) to estimate extinction, whereas the analysis here used g mod (z) as in (3). Comparison of the peak extinction here with other values derived by uniformvolume assumptions is therefore qualitative. The observed peak extinction of 0.29 dB/m, using the model approach of (3), is only ≈50% higher than the L-band extinction, albeit measured in boreal forests, instead of the anticipated factor of ≈6 due to water absorption. Beyond the differences in forest type and assumed canopy power profiles, that this relative extinction is lower than expected may be caused by the partial (≈70%) water content in foliage [22] . It might also be caused by the clumpiness of the canopy, creating holes through which the short X-band wavelength enables penetration [23] , [24] . Note that as a result of incomplete lidar coverage, the InSAR measurements extend to higher AGBs than those of lidar. The relative extinction based on the trends in Fig. 2 should be revisited with more coincident InSAR and lidar in the future.
To further demonstrate the effective penetration of TanDEM-X, Fig. 4 shows the TanDEM-X phase height in black, which is the phase in (1) divided by α z , versus the profile-averaged mean forest height from field measurements [8] . The "zero" of phase for each plot was determined by histograming the phases of ≈700 pixels in each plot and taking the lowest phase to be the ground [8] . Independent ground topography was not used. For g(z) symmetric about a profileweighted mean height, the phase height will be equal to that mean height, which can be demonstrated by inserting a symmetric g(z) function into (1) . Thus, it is expected that the phase height is some indication of the power-profile mean height. Fig. 4 also shows the field h90 height-the height beneath which is 90% of the cumulative field-estimated profile-in red. The X-band phase height is almost always higher than the field mean, the y = x line, due in part to the attenuation previously mentioned. It is on average about midway between h90 and the field mean height for higher heights. There is a tendency for the phase height to be closer to h90 for short forests, which is possibly due to the extremely dense vegetation layer characteristic of early successional stands.
V. BIOMASS ESTIMATION FROM TANDEM-X OVER TROPICAL FORESTS
To assess the potential performance of AGB estimation in tropical forests from TanDEM-X complex correlations, a linear model was used for AGB for the jth stand, i.e., B mod j . As a function of the amplitude and phase of γ I j (α z ), we have
where it is understood that j runs from 1 to the number of stands. In (4), arg(γ I j ) is the phase of γ I j for the jth stand. As already noted, the vertical target extent, and presumably biomass, increases when coherence decreases and phase increases. The cost function, i.e., the reduced χ 2 , to be minimized in the fit was formed with field observations, i.e., B obs j , as follows:
where N obs is the number of observations (i.e., 30), and N param is the number of parameters (i.e., 3). The reduced χ 2 of (5) was minimized by estimating a, b, and c. The observation error, i.e., obs j , contains model components due to field measurement uncertainty and uncertainty in the algorithms in transforming from field measurements to AGB [25] . It was augmented by adding about 40 Mg-ha −1 of unmodeled error in quadrature to bring the reduced χ 2 close to 1. Although not quantitatively assessed, the empirical unmodeled error could be in part due to small misalignment between the radar coordinates and the field coordinates. Fig. 5 shows B mod j for the best fit for a, b, and c from (4) versus field AGB. The root mean square (RMS) of estimated AGBs about the field-about the y=x dashed line-is 57 Mg-ha −1 and is an indication of AGB estimation performance. The fit is dominated by the phase, which alone would yield an RMS of 62 Mg-ha −1 , with the addition of coherence reducing the RMS by an additional 7%. Leaving one forest stand out of the fit at a time and taking the RMS of the resulting difference between the estimate of the one left out and the corresponding field measurement yielded a slightly higher value of 62 Mg-ha −1 . Other variants of these two ways of estimating performance included a model with two sets of 'b-c' parameters, each set applying to different ranges of phase height. Since phase height roughly scales with AGB, this model effectively allows for different models to be applied to low and high AGB stands. All of these variants produced RMS scatters between 52 − 62 Mg-ha −1 , i.e., 29%-35% of the mean AGB.
Preliminary AGB estimates of this letter may be improved with additional field sites, minimization of the radar-field temporal difference, and the use of more and longer baselines (higher α z 's). The use of multiple polarizations and alternative AGB-InSAR models may also improve AGB estimation.
